Due to its simplicity and efficiency, the pure-pursuit path tracking method has been widely employed for planned navigation of nonholonomic ground vehicles. In this paper, we investigate the application of this technique for reactive tracking of paths that are implicitly defined by perceived environmental features. Goal points are obtained through an efficient interpretation of range data from an onboard 2D laser scanner to follow persons, corridors, and walls. Moreover, this formulation allows that a robotic mission can be composed of a combination of different types of path segments. These techniques have been successfully tested in the tracked mobile robot Auriga-α in an indoor environment.
Introduction
A mobile robot path can be defined as the course that the vehicle has to follow in the environment. It should be useful for carrying out the mobile robot mission, and admissible from the vehicle's kinematic and dynamic standpoints.
Path following is performed by the path tracking controller. Its goal is to autonomously drive the mobile robot along the path by continually generating speed and steering commands that compensate for the tracking errors. These mainly consist of vehicle's deviations in distance and heading from the path. Both feedback and feedforward control mechanisms are employed for this purpose, with a tradeoff between control effort and control error.
Some path tracking methods for ground vehicles are based on nonlinear control theory, such as PredictiveControl [1] or Fuzzy-Control [2] . Alternatively, geometric considerations between the current vehicle pose and the path to follow can provide simpler tracking strategies [3] .
A widespread and effective geometric method is the purepursuit algorithm [3] . It calculates a circumference arc that joins the current position of the vehicle and a goal point in the path. This point is chosen at a specified lookahead distance, which is the chord length of this arc. The advantages of this method include the ease of tuning of the lookahead distance, its computational simplicity, and the absence of derivative terms.
Paths for mobile robots can be classified broadly as explicit or implicit. An explicit path is defined in a global frame as a sequence of way-point coordinates that are joined by straight line segments [4] or by adjusting a parametric curve [5] . In this case, tracking error computation involves real-time estimation of the pose of the vehicle with respect to the path. Usually, this implies processing signals from various sensors (e.g., GPS, odometry, range, or vision) and relating them with a geometric model of the environment [6] .
On the other hand, an implicit path is described by remarkable characteristics that are perceivable in the environment with an appropriate set of sensors. For example, a road determines a path that can be recognized in an image by its left and right edges [7] , and a person course can be detected as point clusters in consecutive range scans [8] . Thus, computation of the tracking error with respect to an implicit path does not require global pose estimation. This approach allows for a reactive processing if path features can be detected straightforwardly from sensor data.
The underlying idea of reactive navigation is that only the essential information for a particular path needs to be extracted from sensor data [9] . In this way, it is possible to simplify processing complexity to a great extent. However, 2 EURASIP Journal on Advances in Signal Processing some problems have to be coped with to implement reactivity. First, dependence on sensor data can lead to a shaky response. Secondly, nonholonomic constraints limit the possible movements from a given pose. Thirdly, current mobile robot sensors can provide a large amount of information that needs to be timely processed.
Many ad hoc approaches and sensor configurations have been devised that develop basic robot control modules to implement high-level functionalities. For example, a pair of ultrasonic sensors allows estimating distance and orientation for wall-following control [10, 11] . A heterogeneous suite of ultrasonic range sensors and rule-based control was proposed in [12] for following greenhouse aisles. A frequency analysis of sonar echoes is performed in [13] to detect pathway edges based on texture. Some purely reactive strategies have benefited from the accuracy and reliability of laser scanners by using a simplified range ring obtained by discarding most scan angles [14] . Alternatively, the Hough transform of 2D laser scans was proposed in [15] to estimate lateral offset and heading with respect to tree lines. On the other hand, following the course of a moving object (a person or another robot) involves target detection [16] as well as a motion controller for the vehicle to maintain a certain distance to it. In this context, the simplest strategy is to control speed while driving straight in the direction of the current target position. This has been achieved with a camera [17] and with a laser scanner [18] . The fuzzy controller proposed by [19] also considers the variation of the target pose to follow another mobile robot with infrared sensors.
In this paper, we propose a generally applicable approach for reactive motion control that is based on an efficient path tracking method, namely, pure-pursuit, and widely used range-finder devices. This strategy guaranties steering admissibility for nonholonomic vehicles. Also, the lookahead distance can provide a smooth vehicle response. Furthermore, this work proposes a simple interpretation of 2D range data to reactively compute the goal points.
An additional advantage of our approach is the possibility of employing the basic pure-pursuit strategy as a common frame to follow any combination of implicit and/or explicit paths, which could be efficient in large-scale environments [11] . Particularly, we investigate the application of reactive path tracking to follow persons, walls, and corridors. This has been tested with a tracked mobile robot equipped with a 180
• partial field of view laser scanner in an indoor environment. This kind of sensor has become popular for many field mobile robots due to its small size, reliability, and fast acquisition time [20] .
The paper is organized as follows. Section 2 reviews the use of the pure-pursuit method in technical literature. In Section 3, the pure-pursuit strategy is geometrically derived, and its implementation for tracking both explicit and implicit courses is detailed. Section 4 proposes the application of pure-pursuit to follow walls, corridors, and persons autonomously using an onboard 2D laser scanner. In Section 5, experimental results carried out with the mobile robot Auriga-α are presented. Finally, the paper includes conclusions and references.
Literature Review of Pure-Pursuit
The concept of pure pursuit can be traced in early technical literature regarding the problem of a missile pursuing a target [21] . In the pure pursuit course, the missile velocity vector is always directed toward the instantaneous target position.
Afterwards, in 1985, the pure-pursuit strategy first appears in the field of robotics when Wallace et al. [7] devised a method for calculating the steering necessary to maintain the vehicle on the road. This was accomplished by keeping the road centered in the image obtained from an onboard camera.
Based on this idea, Amidi [3] proposes the pure-pursuit method to follow explicit paths. The name pure-pursuit comes from thinking of the vehicle as chasing a point on the path some distance ahead of it. Some implementation issues of the pure-pursuit algorithm are discussed in the work of Coulter [22] . Since then, the pure-pursuit strategy has been used in many applications for explicit path tracking, including indoor [23] and outdoor navigation [4] .
The stability conditions of the pure-pursuit algorithm have been addressed. In this context, the effects of time delays associated with the visual processing for following straightline roads were studied by Murphy [24] . Moreover, stability for tracking explicit paths with constant curvature has been analyzed taking into account computing, communication, and actuators delays in the control loop [25] .
The supervision of pure-pursuit parameters was introduced by Ollero et al. [23] as a real-time fuzzy controller that automatically tunes the lookahead distance based on path characteristics, velocity, and tracking errors. A fuzzy-supervised pure-pursuit controller for driving large unmanned vehicles at high speed (above 80 Km/h) along explicit paths using differential GPS data was presented by Rodríguez-Castaño et al. [26] . Martínez et al. [27] propose the application of curvature limitations to the pure-pursuit path tracker to avoid interunit collisions in a vehicle that pulls multiple passive trailers.
Due to its widespread use, pure-pursuit has been considered a reference for other path tracking strategies. In [28] , it is compared with the follow-the-past algorithm that uses the steering angle and the curvature of the previously recorded explicit path. Regarding person-following with a 2D laser scanner, Gockley et al. [18] present a comparison between a reactive potential-field method and pure-pursuit applied to recorded person positions.
Furthermore, some improvements of the pure-pursuit algorithm have been proposed. In [29] , the problem of the vehicle being far away from the path is solved by creating a virtual goal point at the lookahead distance. In [30] , the basic pure-pursuit tracker is augmented with an integral correction to reduce systematic tracking errors due to discrepancies between desired and actual steering angles. Stentz et al. [31] add a term proportional to the heading error between the vehicle and the path. Vector pursuit employs the goal point orientation in addition to its position based on screw theory [32] .
To sum up, pure-pursuit is a widespread technique that has been analyzed by many authors. However, tracking of EURASIP Journal on Advances in Signal Processing implicit paths has received little attention since the method was first proposed for mobile robots [7] , with the exception of our earlier efforts on person following with a rotary sonar [33] and a 2D laser scanner [8] . Moreover, no previous work has explored the possibilities of the method to combine different types of implicit and explicit paths.
The Pure-Pursuit Path Tracker
To derive the equations of the pure-pursuit curvature control law, let us consider a mobile robot on the plane. The curvature γ of the vehicle can be defined as the inverse of the distance r between the vehicle's frame origin and its instantaneous center of rotation (ICR) with sign, that is, the inverse of the turning radius with sign. It is negative if the vehicle turns clockwise and positive otherwise. Curvature also represents the instantaneous change of orientation of the vehicle dφ with respect to the traveled distance ds as follows:
Let XY be a right-handed coordinate system attached to the vehicle, whose Y axis is aligned with the forward motion direction (see Figure 1 ). The local frame origin is chosen so that the local y coordinate of the ICR is always zero, and the curvature is symmetrical with respect to the Y axis.
In the pure-pursuit strategy, the vehicle changes its curvature set-point γ sp every control interval T o by fitting a circumference arc to a goal point in the path at a certain lookahead distance L. This circumference is tangent to the Y axis of the vehicle (see Figure 1) .
Thus, the goal point local coordinates (x g , y g ) can be geometrically obtained as
where Δφ is the heading change of the vehicle along the arc [3] . Then, by using (2), Therefore, the curvature control law is given by
where the terms −x g and 2/L 2 can be interpreted as the error signal and the gain of the control law, respectively. The reason for the lookahead distance is that nonholonomic vehicles cannot correct errors with respect to the nearest point of the path. A longer lookahead distance implies a smaller gain, so steering control is smoother at the expense of a worse tracking accuracy. On the other hand, a shorter lookahead can reduce tracking errors, but steering commands increase and the vehicle's motion can become unstable [23] .
The pure-pursuit path tracker can be implemented as a cascade controller, as illustrated in Figure 2 . The inner loop is a low-level motion controller. It translates speed and steering set-points into references for the actuators, which depend on the locomotion system of the vehicle. The motion controller filters abrupt speed set-point changes according to a maximum acceleration. In some locomotion systems (e.g., differential drive), steering is not completely decoupled from speed. In these cases, speed references v sp are subordinated to curvature set-points γ sp . The motion controller also updates dead-reckoning with a period T i .
The outer loop has a longer control period T o . It implements the pure-pursuit control law to issue curvature and speed set-points, which are usually decoupled for simplicity. This control system can be used both for implicit and explicit paths. They differ only in the way that the goal point coordinates are obtained. For explicit paths, external sensors and dead reckoning are needed to localize precisely the vehicle with respect to the path points within the global frame. Otherwise, external sensors are directly employed to estimate the pose of the vehicle with respect to a given type of implicit path in the environment. Then, the curvature setpoint is computed from (4), and the speed set-point can be given by the path.
Implicit Path Tracking with a 2D Laser Scanner
This section proposes pure-pursuit for reactive tracking of implicit paths with a nonholonomic vehicle. Particularly, this technique has been developed to follow walls, corridors, and persons, based on an onboard 2D laser scanner. For each case, a simple processing of scan data is proposed to achieve a fast computation of the goal point. A laser scanner mounted on a vehicle generates a light beam that rotates in a horizontal plane parallel to the ground. Thus, a scan at discrete time kT o can be defined as an ordered set of points {q k }. This set corresponds to the successive intersections of the laser ray with the closest objects in the surroundings (see Figure 3) . The scan is obtained as a list of ranges ρ k ( j), where index j is an integer between 0 and N. The readings are evenly spaced within the sensor field of view Θ. Then, the beam bearing for
where Δθ = Θ/N represents the angular resolution. The case where Θ = 360
• corresponds to a complete (or circular) scan sensor. However, partial scan devices with Θ = 180
• (i.e., semicircular) are commonly employed in mobile robotics.
Note that the laser range-finder position may not coincide with the origin of the vehicle's local frame, even though the central beam direction, that is, θ k (N/2) = 0
• , is usually made to coincide with its Y axis. This is illustrated in Figure 3 , where the laser unit is some distance d y ahead of the local frame. In this case, the local cartesian coordinates for q k ( j) can be computed as follows:
4.1. Wall Following. The implicit path for wall following consists of a line that is parallel to the wall at a fixed distance d w (see Figure 4 ). The goal point should be placed on this line at the distance L ahead of the vehicle's local frame.
Laser data processing consists of finding the shortest range ρ s k and its associated bearing θ s k . This search is limited to positive or negative scan angles depending on whether the wall is at the left or at the right of the vehicle, respectively. Then, the implicit path at time kT o is estimated to be perpendicular to the shortest range beam.
Let us assume an auxiliary right-handed frame XY whose origin coincides with the local frame. Its Y axis is perpendicular to the shortest range direction, and it points forward (see Figure 4) . The estimated implicit path is parallel to Y so, given ρ s k and θ s k , it can be defined by its coordinate in the X axis:
If | x p | < L, then the coordinates of the goal point in the auxiliary frame are
Otherwise, the goal point cannot belong to the implicit path at the lookahead distance L. Then, it is computed as follows [29] :
Finally, these coordinates need to be rotated to the vehicle's local frame as follows:
and the curvature set-point is obtained by substituting x g in (4). The speed set-point is a constant value that is specified as a design parameter for the path, which could be chosen depending on d w . The estimation of the implicit path can be inaccurate if a partial scan sensor is used. Whenever the shortest distance to the wall is out of the field of view, the shortest available range corresponds to θ s k = ±Θ/2 (sign depends on wall side). This happens when the vehicle is moving away from the wall and results in a goal point that will be farther from the wall than d w . This is illustrated in Figure 5 for a 180
• field of view laser scanner, which produces θ s k = 90
• . Nevertheless, the pure-pursuit method provides an appropriate robot behavior based on this estimation, since the vehicle will rapidly move away from the wall if it is situated at a distance smaller than Real-world walls may include salient features. In this case, the shortest range strategy produces path estimations that momentarily move away from the nominal wall parallel. This way, obstacle collision avoidance is performed by the reactive path tracker.
Corridor Following.
The implicit path is defined by the corridor's midline, and the goal point is chosen on this line at the lookahead distance L of the vehicle.
Let XY be an auxiliary right-handed frame whose origin coincides with the local frame. The Y axis is defined to be parallel to the estimated corridor's midline (see Figure 6 ). • and θ = −90 • , respectively. This is necessary to avoid that both selections correspond to the same side of the corridor, especially in L-shaped corridors or with a considerable initial heading error.
For a complete scan sensor, the x-coordinates of the left and right sides of the corridor in the auxiliary frame are
respectively. The orientation angle of the vehicle θ c with respect to the estimated corridor midline is given by
In the case of 180
• partial scan devices, one of the values ρ l k or ρ r k does not actually provide the minimum distance to the corresponding side. In this case,
Moreover, if θ c > 0 (see Figure 6(a) ), then
and x l is obtained with (11) On the contrary, if θ c < 0 (see Figure 6 (b)), then
and (12) applies. In any case, the estimated path line is defined by its X coordinate:
Then, if | x p | < L, the goal point coordinates in the XY frame are
The goal point coordinates for | x p | > L are computed from (9) . Finally, the transformation to the local frame yields
which can be used with (4) to provide the curvature set-point at instant kT o . A constant speed set-point can be specified depending on the corridor width.
Person Following.
The objective is to pursue a person walking ahead of the vehicle in a natural way [18] . For this purpose, the goal point is chosen as a laser point belonging to the person. Due to this reactive solution, the distance L is not constant, but is given by the selected range at each control step. Initially, the target is locked by defining a rendezvous point q * 0 at a constant distance d s in the local Y axis. In this way, the vehicle only starts moving when a person approaches q * 0 . Then, given that the robot is actually following the person, it is assumed that his/her relative position will be similar in consecutive scans. This assumption is acceptable if the outer loop period T o is small enough. Thus, laser data processing requires finding the point q k ( j) that is the closest to the previous goal q * k−1 . This is used to update the position of the goal point.
The closeness of the current laser points q k ( j) to the previous goal point is provided by the euclidean distance:
where the local cartesian coordinates are obtained with (6) . Then, a laser reading q k (i) is chosen as the goal point q *
and the distance d k (i) to the previous goal point is less than a certain threshold d th (see Figure 7 ). If no valid current goal point can be found, the vehicle is stopped in standby for a new rendezvous and q * k is reinitialized as q * 0 . Otherwise, the curvature set-point is obtained by applying (4) with
Regarding the speed set-point of the vehicle, this is computed according to the distance ρ * k between the laser scanner and the goal point (see Figure 8) : 
Experimental Results
The autonomous tracked vehicle Auriga-α has been employed for the experiments that illustrate the paper (see Figure 9 ). The mobile robot weights 260 kg, and it is powered by an onboard petrol-fed AC generator of 4 kW. The locomotion system is based on the skid-steering principle. • partial field of view, angular resolution Δθ = 0.5
• (i.e., N = 360), and range resolution of 1 cm. A complete new scan takes 270 ms to be transmitted to the onboard computer, although it is acquired in just 27 ms. According to the manufacturer's specifications, the range errors are ±4 cm for an exploration horizon of 20 m.
The pure-pursuit path tracker is executed by an industrial computer, based on a Pentium-IV microprocessor at 2.2 GHz, via a real-time operating system (LynxOS 4.0). Pure-pursuit curvature set-points are computed from laser range data every T o = 270 ms. Odometric data are updated every T i = 30 ms. An approximate kinematic model of Auriga-α [34] has been employed for dead reckoning and to translate curvature and speed set-points into track speed references.
Several experiments have been carried out in an indoor environment, the hall of a university building, with several glass doors, benches, columns, stairs, and corridors (see Figure 10 ). Odometric data along with laser scans were recorded in order to obtain accurate motion estimations for performance evaluation. This was addressed offline using a hybrid GA-ICP laser scan matching technique [20] . By incrementally replaying motion estimations with recorded laser points, it is possible to map the environment and plot the actual path followed by Auriga-α. For simplicity, the global frame in each experiment coincides with the initial pose of the vehicle.
The reactive path tracking strategies presented above have been implemented within a navigation architecture, where a global mission can be defined as a combination of different types of implicit and explicit paths. In these experiments, arbitration is simply performed from a teleoperator station that issues a signal to change the path type, that is, the goal point selection strategy for pure-pursuit.
Besides, a navigation safety module issues a motion stop signal if any laser-scan range falls below a threshold distance of 0.5 m. In this way, if the obstacle eventually moves away, the mobile robot can resume its trajectory. This is a conservative strategy due to the relatively big size of the vehicle for indoors.
Two representative experiments composed of different types of path segments are described below. The first one consists of two implicit path types. The second experiment combines an explicit path with an implicit path.
Following a Wall and a Person.
In the first experiment, the Auriga-α robot has to track a right wall up to a rendezvous point, where it has to wait for a person to be followed. The resulting path is shown in Figure 11 . For the sake of clarity, the figure only represents one of every three consecutive scans, that is, 0.81 s intervals. A square denotes the initial position of the vehicle, and goal points are shown with asterisks and circles for the first and second segments of the experiment, respectively. The actual speed and curvature are shown in Figure 12 .
The initial pose of the robot is too close to the wall, so in the beginning a high curvature set-point is produced by the control law. Precisely, this proximity causes that, momentarily, the safety module issues a null speed set-point just after the beginning.
Wall following overcomes an inner corner as well as two relevant gaps that correspond to a corridor entrance and an open door. If the gaps were wider, the wall-following tracking would turn into them. In fact, at about t = 6 s and t = 17 s path estimation and goal points are momentarily generated in this sense. If the mission goal was to enter through these gaps, the arbitrator would have to trigger a new path tracking type (e.g., corridor following).
When person following is activated, the vehicle stops waiting for the rendezvous. After a few seconds, it begins to follow the person. It can be observed that the vehicle's speed is not constant but is adapted to that of the target. The goal point is chosen from the laser readings of the person so that the relative pose is similar to that of the previous control interval. This is why the goal points shown in Figure 11 are not necessarily the closest to the robot. Note that since the tracker strategy is to pursue the person, the robot path does not exactly coincide with the person's path. 
Following an Explicit Path and a Corridor.
In this experiment, an explicit path takes the vehicle to the entrance of a corridor that has to be traversed. The actual path and the corresponding goal points are shown in Figure 13 . The goal points from the precomputed geometric path are represented as asterisks, and those for the implicit corridor centerline as circles. The lookahead distance L = 0.9 m and the speed set-point v sp = 0.5 m/s are the same in both cases, and Δθ th = 45
• for corridor following. The actual curvature and speed of Auriga-α for this experiment are represented in Figure 14 . Note that the speed is constant during the transition between both path types. In this moment, only the goal point selection criterion is changed in the pure-pursuit controller.
To follow the explicit path, global pose estimation has been addressed by GA-ICP scan matching. At the beginning, the mobile robot reaches the explicit path in a smooth way due to the lookahead distance. Note that tracking errors appear during the abrupt transition between the straight line segments that compose the explicit path. When the end of the explicit path is reached, the experiment continues in a L-shaped corridor 1.8 m wide that becomes 2.5 m wide after the corner. Corridor disturbances such as the corner and the open doors of the elevators are overcome by the tracker.
Parameter
Tuning. This section analyzes the effect of varying one particular design parameter for the same experimental setups presented above. Two performance indexes have been considered. One is related to the control effort, and the other to the tracking error. Both have been computed offline based on recorded data. The control effort is scored as the average absolute value of the curvature increments for all the control intervals. The tracking error is calculated as the average distance between the center of the robot and the closest point of the reference path. Table 1 shows the effect of changing the lookahead distance for the L-shaped wall-following segment of the experiment described in Section 5.1. As the lookahead distance increases, the control effort diminishes whereas the tracking error becomes greater. Note that with L = 0.3 m, the control effort raises considerably, which was evident as a shaky motion of the vehicle.
The distance of the implicit path to the wall d w has also been varied keeping v sp = 0.5 m/s and L = 0.9 m. In this case, only when d w < 1.1 m, the mobile robot cannot turn the inner corner because it is too close to the wall and the safety stopping behavior activates. Since the vehicle's width is 0.75 m, the gap between the robot and the wall is only 0.725 m for d w = 1.1 m.
Results from applying different speeds to the corridorfollowing experiment presented in Section 5.2 are summarized in Table 2 . It can be observed that increasing speed raises both control effort and tracking error in a linear way. In addition, the threshold Δθ th to select points from the left and right walls has been varied. Only when Δθ th > 61
• , the vehicle stops for security reasons during the turning of the inner corner because the goal points are not properly selected.
For the person-following experiment, the speed profile shown in Figure 8 has been modified by changing the target distance limit d f that corresponds to the maximum speed v m . Results in Table 3 indicate that control effort is not affected substantially by this parameter. However, tracking error, which in this case is related to the closest point of the actual person path, increases with d f . Note that tracking errors are considerably larger than those of the previous tables. This is because the lookahead L is always greater than d 
Conclusions
The paper proposes the use of the pure-pursuit method for reactive path tracking of autonomous nonholonomic vehicles equipped with a 2D laser scanner. In this way, reactive navigation can profit from the efficiency of purepursuit with only a reduced number of easily adjustable design parameters.
To follow different path types, only the selection of the goal point requires a different treatment. This implies that robotic missions can be specified as a sequence of implicit and/or explicit paths that can be tracked with the same control law. Thus, our method naturally integrates motion control strategies that are commonly addressed separately, such as landmark-based navigation, person following, and geometric navigation.
An efficient range data interpretation has been developed for goal point selection on implicit paths. Only the essential information for a particular path type is extracted by considering the complete 2D scan reading.
Several experiments have been carried out in an indoor environment with the tracked mobile robot Auriga-α. The proposed controller has followed paths in a reliable and smooth way with real-world features. Moreover, the influence of design parameters has also been studied experimentally.
For future work, the integration of pure-pursuit with reactive potential-field navigation can be useful for vehicles with nonholonomic constraints. It is also interesting to implement a sensor-based context-dependent arbitrator for switching between different path types as well as automatic tuning of path tracking parameters such as speed or lookahead.
